Abstract: Achieving high-Q-factor resonances allows dramatic enhancement of performance of many plasmonic devices. However, the excitation of high-Q-factor resonance, especially multiple high-Q-factor resonances, has been a big challenge in traditional metamaterials due to the ohmic and radiation losses. Here, we experimentally demonstrate simultaneous excitation of double extremely sharp resonances in a terahertz metamaterial composed of mirror-symmetric-broken double split ring resonators (MBDSRRs). In a regular mirrorarranged SRR array, only the low-Q-factor dipole resonance can be excited with the external electric field perpendicular to the SRR gap. Breaking the mirror-symmetry of the metamaterial leads to the occurrence of two distinct otherwise inaccessible ultrahigh-Q-factor modes, which consists of one trapped mode in addition to an octupolar mode. By tuning the asymmetry parameter, the Q factor of the trapped mode can be linearly modulated, while the Q factor of the octupolar mode can be tailored exponentially. For specific degree of asymmetry, our simulations revealed a significantly high Q factor (Q>100) for the octupolar mode, which is more than one order of magnitude larger than that of conventional metamaterials. The mirror-symmetry-broken metamaterial offers the advantage of enabling access to two distinct high-Q-factor resonances which could be exploited for ultrasensitive sensors, multiband filters, and slow light devices. 27415-27422 (2016). 47. W. Liu, S. Chen, Z. Li, H. Cheng, P. Yu, J. Li, and J. Tian, "Realization of broadband cross-polarization conversion in transmission mode in the terahertz region using a single-layer metasurface," Opt. Lett. 40(13), 3185-3188 (2015). 48.
Introduction
In recent years, metamaterials have attracted tremendous attention due to their exotic electromagnetic properties and functionalities that are not attainable from naturally occurring materials, such as negative refraction [1, 2] , invisible cloaking [3] , subwavelength resolution imaging [4] . The possibility to couple electromagnetic radiation into subwavelength scale makes metamaterials a versatile platform for light manipulation and light-matter interactions. The unique physics observed in metamaterials is generally originated from the resonance nature of their resonant elements. Hence, realizing resonators with high quality (Q) factors is of cardinal importance since various applications require metamaterials that support high-Qfactor resonances accompanying with strong field concentrations in subwavelength volume, such as optical switching [5, 6] , filtering [7, 8] , chemical/biological sensing [9-11], and slow light processing [12] [13] [14] [15] . However, the Q factor of the majority of metal-based metamaterials is severely limited by high ohmic and radiative losses (Q<10) [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , which are considered a major hindrance to the development of typical plasmonic devices. Therefore, demonstration of metamaterials with ultrahigh Q-factor resonances has proven to be a challenging and crucial task for realistic applications. In general, the ohmic losses at terahertz region are quite low since the noble metals used for fabrication of metamaterials have extremely high conductivity, hence the main challenge in achieving high Q factor resonance in terahertz metamaterials is to ultimately overcome the radiation loss. In order to restrain the radiative loss and reach high Q in metamaterials, several strategies have been proposed and demonstrated by engineering the configuration of the building blocks or controlling the coupling mechanism of the component units. Introducing asymmetry in metamaterials has been proposed as a promising approach to exciting trapped mode or Fano mode with extremely low radiation loss and thus achieving high Q-factor [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Another approach to remarkably improving Q factor of resonance in metamaterials is to excite dark or sub-radiant modes [31] [32] [33] [34] [35] , which are usually weakly coupled to free space and cause low radiation loss. The third approach to obtaining high Q-factor resonances is to utilize the diffraction coupling of localized surface plasmon mode in mirror-symmetric coupled joint split ring resonators, which can trap the photon energy in the subwavelength scale and greatly suppress the radiative loss [36] . In addition, recent studies have reported that high Q-factor resonance can also be achieved if the metamaterial design is tailored in such a way that it could sustain toroidal mode [37] [38] [39] [40] . In some planar toroidal metamaterials, the mirroring effect has recently been introduced to support high-Q-factor toroidal dipole mode excitation, whose Q factor is proved to be significantly higher than that of the counterpart Fano resonance [40] . Nevertheless, most of the previous high Q-factor metamaterials only possess single resonance, and excitation of multiple ultrahigh Q-factor resonances may has particular importance for improvement and expansion of functionalities of metamaterials. The ability to integrate multiple and extremely sharp resonances in metamaterial could enable novel designs for multispectral thermal imaging [41] , multispectral filters [42] , as well as for the realization of advanced label-free bio/chemical sensors [43] [44] [45] . The sensing performance of such plasmonic sensors would be greatly benefited from simultaneously detecting the material parameters of the analyte at multiple resonances.
In this paper, we experimentally demonstrate a metamaterial consisting of mirrorsymmetry-broken double split ring resonators (MBDSRRs) that sustains double ultrahigh Qfactor resonances with highly suppressed radiation loss. In a conventional mirror-symmetric DSRR array, only the dipole resonance can be excited with the external field perpendicular to the gap of the SRR, and the surface currents are all oriented in phase due to the symmetry constrains. By breaking the symmetry of the mirror-arranged DSRR, we observe the occurrence of two otherwise forbidden ultrahigh-Q-factor resonances with one trapped mode and another octupolar mode. The Q-factor of the trapped mode can be linearly modulated by varying the symmetry parameter of the metamaterial, while the Q-factor of the octupolar mode can be tailored exponentially. This multiple high-Q-factor metamaterial would pave an alternative way to design ultrasensitive chemical and biological sensors, high performance narrow-band filters, absorbers and optoelectronic detectors.
Metamaterial design and experiment
In the present work, two rectangular SRRs are mirror-arranged to construct mirror-symmetric metamaterial (MDSRR), whereas the mirror-symmetry can be broken by simply shifting one of the SRR gap off the center and thus converted to mirror-symmetry-broken metamaterial (MBDSRR). In this mirrored system, capacitive coupling between the two SRRs is dominated. Therefore, we deliberately employ rectangular SRRs instead of the traditional squared ones to increase the coupling area [46] , i.e. increase the capability of field accumulation and reduce radiation loss, and thus enhance the Q factor. Figure 1 (a) depicts a schematic of the metamaterial structure with the relevant dimensional parameters and the polarization configuration (the electric (E) and magnetic (H) fields of the incident wave). The SEM image of the fabricated metamaterial samples is shown in Fig. 1(b) . The planar gold MBDSRRs have a side length of l x = l y = 50.5 µm, a width of w = 4 µm, a mirror distance of d = 5.5 µm, a gap of g = 3 µm and super cell lattice constants of p = p x = p y = 64 µm. The asymmetric parameter δ is defined as the displacement of the gap of SRR from the central horizontal axis.
The metamaterial samples were fabricated by conventional electron-beam lithography technique, where 200 nm gold structures were deposited on a high-resistivity 1-mm-thick double-side polished silicon (n = 3.45) substrate utilizing thermal evaporation and then followed by a lift-off procedure. The overall sample array size is 5 mm × 5 mm. The fabricated samples were characterized by broadband terahertz time domain spectroscopy (THz-TDS) system. The terahertz beam had a frequency independent diameter of 3 mm at the focus, which is much smaller than the sample size of 5 × 5 mm 2 to prevent beam clipping. The metamaterial samples were placed midway between the transmitter and receiver in the far-field at the focused beam waist, and the transmitted electric field was recorded in the time domain. A bare silicon wafer substrate which identical to the sample substrates, was used as reference for the transmission measurements. After Fourier transformation of the THz timedomain data, the frequency dependent transmission coefficient of the metamaterials, ( ) ( ) / ( )
, is obtained from the transmitted THz spectrum of the sample divided by the reference spectrum. All the measurements were performed at a normal incidence with x-polarization. The experiments were performed at room temperature in a N 2 atmosphere to mitigate the effects of water vapor. Here, a 1-mm-thick high-resistivity silicon substrate was used to delay the Fabry-Perot reflection from the rear surface of the substrate that enabled a scan length of 25 ps with frequency resolution about 40 GHz. Corresponding numerical simulations were carried out by utilizing commercially fullwave simulation software CST Microwave Studio based on finite integration method. Unit cell boundary conditions in both x and y directions along with open boundary condition in the z direction were applied to the metamaterial unit cell. The simulation parameters of the gold were calculated by the Drude model with plasma frequency [47, 48] . Silicon substrate was modeled as a lossless dielectric with relative electrical permittivity of 11.9. , where f 0 is the resonant frequency, P S and P L are stored and dissipated energy, ∆f is the bandwidth at half maxima of the resonance. Thus, the Q factor of the dipolar mode is rather small with a value of 3. Intriguingly, as gradually breaking the mirror symmetry of the structure by shifting the gap displacement (δ = 8 μm), we observed that two abrupt ultrasharp resonances feature with Q-factor as high as 27 and 37 occur at f 1 = 0.45 THz and f 3 = 1.29 THz in the simulated transmission spectrum, respectively, as shown in Fig. 2(h) . The simulated modulation depth [(T max -T min ) × 100%] for the two resonance are 9.8% and 54%, respectively. The experimentally measured Q factor and modulation depth of f 1 are about 13 and 6.2%, respectively. Relative large deviation in Q factor of f 1 between the simulated and experimental results is due to the rather weak intensity of the resonance as well as the poor spectral resolution at such a low frequency of the THz-TDS system. Besides, the dipolar mode f 2 also appears with the resonant frequency slightly red-shifted. For the sharp resonance f 3 , the corresponding experimentally measured Q factor and modulation depth are 34 and 41.2%, respectively. By further increasing the asymmetry of the MBDSRR (δ = 17 μm), two sharp resonances still appeared and remarkably pronounced with higher modulation depth. From the simulated transmission spectrum, we observed that the modulation depth of f 1 and f 3 increase to 44.5% and 78%, respectively, while the Q factor of f 1 and f 3 decrease to 17 and 25, respectively. The corresponding experimental results indicate that the Q factors for the f 1 and f 3 are 11 and 21, respectively. Meanwhile, the experimental modulation depth of the f 1 and f 3 extracted from the measured spectrum are 28.1% and 55.5%, respectively. It is worth noting that the values of both Q factor and modulation depth of the resonance f 1 and f 3 are much higher than that of the conventional metamaterials (The Q factor of both the fundamental inductive-capacitive and dipolar resonances in conventional metamaterials are usually smaller than ten) [13-23]. In order to better understand the fundamental nature and physical mechanism of these spectral resonances in greater detail, the surface current and electric field distributions at the three resonant frequencies (f 1 , f 2 , and f 3 ) were calculated as shown in Fig. 3 . The induced surface currents on the MBDSRRs are schematically illustrated by a few electric current elements, which can be regarded as electric dipoles that radiate electromagnetic waves to the far field. The physical origin of the resonances can be well elucidated by the basic multipole theory in electromagnetic scattering and radiation [36, 49] . For the resonance f 1 , two circular electric current loops in the MBDSRR are excited, and the current elements in the SRR arms both along the x and y directions always oscillate (π) out of phase (point in opposite directions) due to the symmetry constraints, such that the electric dipole moment can be well canceled in the direction of the incident field, which dramatically reduces radiative damping and contributes to the formation of the high-Q-factor resonance. In other words, the scatter field for this resonance is dominated by magnetic dipole moment rather than electric dipole moment. According to the aforementioned elaborations, we interpret resonance f 1 as the trapped mode [18] arising from the symmetry breaking inside the structure. In contrast, for the second resonance f 2 , a conventional dipolar resonance is observed, and the surface currents flow in phase along the incident field, which indicate that the radiated electromagnetic fields interfere constructively, as shown in Fig. 3(b) . The in phase currents of the dipolar resonance f 2 obviously lead to a comparatively larger net dipole moment than the one induced by the out-of-phase currents in the resonance f 1 , which result in high radiation loss and low Q factor.
Results and discussions
For the ultrahigh-Q-factor resonance f 3 , neither a conventional dipole nor a classical trapped mode is observed, but a high-order octupolar mode appeared as depicted in Figs. 3(c) and 3(f). The current and electric field distributions clearly show the characteristic behavior of the n = 6 mode, where n denotes the eigenmode of the MBDSRR, which manifest that the higher order mode is octupolar in nature [49, 50] . The current distributions in the MBDSRR of this particular resonance are of no symmetry, which is distinct from that of the traditional eigenmode of SRRs. Although the current distributions in each SRR behave in a different way, the overall electric current elements in the mirrored SRR also oscillate out of phase, leading to the cancellation of the dipole moment and significant suppression of the radiative loss. What's more, it is worth mentioning that the diffraction coupling effect also plays an important role in the enhancement of Q factor of octupolar mode. According to the diffraction coupling theory [15, 36] , the resonant frequency of the lattice surface mode is determined by 2 2
, where c is the speed of light in vacuum, p is the lattice constant of the metamaterial array, n is the refractive index of the substrate, and (i, j) is a pair of integers indicating the order of the lattice surface mode. The resonant frequency of the first order lattice surface mode for our MBDSRR array is 1.36 THz, which is very close to the octupolar mode f 3 . This implies that the photon energy could be strongly confined into the metamaterial structures through diffraction coupling, which dramatically increases the energy stored (P S ) by the subwavelength resonators [36] . The current and electric field distributions for f 3 [ Figs. 3(c) and 3(f)] clearly show that the ultra-strong localized current and electric fields are confined into the MBDSRR, which manifests that the incident photon energy is strongly trapped into the metamaterials while radiation damping is suppressed, and thus resulting in the ultrahigh-Q-factor octupolar mode. For the MBDSRR with higher asymmetry (δ = 17 μm), the current distributions for trapped mode f 1 and octupolar mode f 3 are rather similar to those of the MBDSRR with lower asymmetry (δ = 8 μm), and the resonant nature of those modes are not substantially changed. The only change that have taken place is that the current distributions in the left SRR are suppressed while the current distributions in the right asymmetric SRR are enhanced, which leads to a weaker cancellation of the electric dipole moment and huge radiation loss. Therefore, the Q factors of both resonances are degraded as the increase of asymmetry δ. To optimize the Q factor of the metamaterial, we further performed a parametric study of the effect of the asymmetry parameter (δ) on the behavior of the spectral responses. Figure  4 (a) depicts the simulated transmission spectra for a sweep of the asymmetry parameter (δ) from 0 to 17 μm by steps of 1 μm each in a color map. All of the resonances f 1 , f 2 , and f 3 for the MBDSRR exhibit a slight shift towards higher frequencies due to the decreased capacitive coupling in the structure when the asymmetry is increased. Both the trapped and octupolar modes exhibit gradual broadening with an enhancement in the modulation depth as the asymmetry enlarged. The Q factor (left scale) and the modulation depth (right scale) of the trapped and octupolar modes as a function of asymmetry (δ) have also been extracted, as shown in Figs. 4(b) and 4(c), respectively. Although simultaneously maximizing the Q factor and the modulation depth are highly desirable, there exists a significant trade-off between the Q factor and the modulation depth for both resonances. For the trapped-mode resonance f 1 , the Q-factor drastically decreases from 40 to 17 as the asymmetry changes from 1 to 17 μm, while the modulation depth increases rapidly from 0.93% to 44.5% [see Fig. 4(b) ]. Increasing the asymmetry results in an enhancement of the modulation depth and a decline of the Q factor approximately in a linear manner. The linear relationship between the Q factor and the degree of asymmetry δ is roughly described by extracted from the fitted results are K = 1.37 and C = 40.6, respectively. The Q factor monotonically decreases with higher asymmetry due to the increasing in the radiative loss of the MBDSRR as the difference in the surface current distributions between two excited SRR enlarged and the effective dipole moment are partially canceled in far field. Interestingly, once introducing the asymmetry parameter δ with tiny value (1 μm), the otherwise forbidden octupolar mode f 3 immediately appeared with extremely high Q nature (Q = 106). However, the resonance modulation depth is quite low (5.3%) for such small asymmetry. By further sweeping the asymmetry parameter, an interesting behavior is observed for the octupolar mode. The Q factor exhibits an exponential decreasing behavior versus the asymmetry parameter δ, while the modulation depth prominently enhanced from 5.3% to 78.4% when the asymmetry increases [see Fig. 4(c) ]. The dependence of Q factor of the octupolar mode on the asymmetry parameter δ is summarized as , where the coefficients retrieved from numerical fitting are: A = 151, B = 3.3, and D = 23, respectively. The decreasing exponential fitting curve reveals the saturation characteristic of the Q factor for the octupolar resonance with large asymmetry (δ>13). The Q factor decreases exponentially with increasing asymmetry as a consequence of the fact that the cancellation of dipole moment in the MBDSRR is weakened and the remaining net dipole moment causes relative high radiative loss. Although the physical origin of the degradation of Q factor with increased asymmetry for both modes are similar, the decay manners of the trapped and octupolar modes are quite different due to their distinct resonant nature. The spectral responses of the MBDSRRs strongly depend on the capacitive gap position of the asymmetric SRR, which indicates that the electric (capacitive) coupling in the coupled resonator system is dominant since the magnetic coupling between the resonators is not so sensitive to the gap position of asymmetric SRR. However, it should be noted that the magnetic coupling also plays an important role in the excitation of the sharp trapped mode f 1 , while has less contribution to the dipolar mode f 2 and high-Q-factor octupolar mode f 3 . In addition, it is worth mentioning that both the trapped and octupolar modes are dark modes that are inaccessible in the symmetric configuration, and they only occur when the mirror-symmetry is broken. Once established, varying the asymmetry do not affect the formation of the trapped and octupolar modes, but dramatically tailor the Q factor and modulation depth of those two modes. The MBDSRR possessing double sharp resonances with adjustable Q factor and modulation depth could be used for versatile applications by choosing an appropriate asymmetry parameter. 
Conclusions
In conclusion, we experimentally demonstrated a scheme to excite ultrahigh-Q-factor trapped and octupolar modes simultaneously by utilizing metamaterial consists of mirror-symmetrybroken DSRRs. By tailoring the asymmetry parameter, both the Q factor and the modulation depth of two resonances could be engineered. When the asymmetry decreased, the Q factor of the trapped mode increases linearly, while the Q factor of the octupolar mode increases exponentially. Moreover, the mirror-symmetric-broken metamaterials with multipole high-Qfactor resonances could be extremely useful in real world applications such as spectroscopy, communications, nonlinear optics, and coherent lasing spasers. 
